The electronic and structural properties of [111] SiNWs with a diameter range of D = 0.66-1.89 nm under the external electric field along axial direction are calculated using first-principle calculation. With the external electric field applied, energy band gap E g (D,F) decreases and finally closes, as F increases. The closure strength of external electric field F closure decreases with increasing D. HOMO, LUMO and Mulliken charge analysis are shown to interpret the effect of external electric field on the electronic properties of SiNWs. The bond length and angle of Si atoms vary with increasing F. Further increasing of F results in breakdown of the geometry structure, which is size-dependent.
Introduction
Silicon nanowires (SiNWs) have attracted more and more attention because of its interface compatibility with existing silicon-based technology and satisfaction for the need of high integration in ultra-large-scale integration circuits. 1 Since bulk-quantity SiNWs were grown by laser ablation method, 2, 3 the study of SiNWs is developed rapidly, and it has wide implications, such as field effect transistors, [4] [5] [6] [7] [8] photodetectors, 9, 10 sensors, [11] [12] [13] field emission devices, 14, 15 photovoltaic cells, 16 logic gates 17 and thermoelectricity materials. 18, 19 With the device miniaturization, the size of SiNWs will further decrease. Recently, small diameter SiNWs have been synthesized with various methods. [20] [21] [22] [23] It is inevitable that the nanodevices would be under an external or self-produced electric field in application and the field would affect the electrical and structural properties of SiNWs, which suggests that the investigation of the properties of SiNWs under external electric field is necessary. The external electric field can induce deformation of semiconductor material, and according to classical physics when the electric field is large enough the insulating system will be breakdown. With the scanning tunneling microscope (STM), by combining a strong electric field formed between the STM tip and the surface, Si atoms can be transferred from the surface to the tip and re-deposited on a predetermined surface site. 24 Under an external electric field, the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energies of silica nanowires (NWs) decrease with different speed and finally cross, that is breakdown of these NWs. 25 The external electric field also causes axial electrostrictive deformation in single carbon nanotubes, 26 tunes electron-phonon coupling in graphene 27 and affects the atomic structure of Cu nanowires. 28 The small diameter SiNW-based high-performance electronic and optoelectronic devices have been required to obtain increasingly strict and well-defined performance. With the diameter of SiNWs decreases into several nanometers, a detailed control at the atomic level is needed. All of these could be realized under the help of computer simulations. As an important means of investigation of material science, the computer simulation has been used wildly and received substantial success. It is an efficiency method to connect the structures and properties of materials. The functions of computer simulation are as follows: a) compare the academic results that getting from computer simulation and from experiment, b) analyze and explain the reasons that are still unknown in experiment or theory, c) predict new phenomenon and properties before experiment, d) predict properties that are difficultly realized in experiment or in ideal conditions.
In 42 and Si 122 H 54 NW, respectively. The dangling bonds of the surface Si atoms are saturated by H. The detail information can be found in our previous report. 29 The structure of Si 38 H 30 NW with D=1.07 nm is shown in Figure 1 as representation. 
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The properties of [111] SiNWs are calculated using DFT, 30, 31 which is implemented in DMol 3 model. 32, 33 The generalized gradient approximation (GGA) functional with the PW91 method 34 was employed as the exchange-correlation functional. All Electron Relativitistic (AER), 35, 36 which includes all core electrons explicitly and introduces some relativistic effects into the core, was used for core treatment. In addition, Double Numerical plus Polarization (DNP) 32 was chosen as the basis set with orbital cutoff of 4.6 Å. We use smearing techniques 37 to achieve self-consistent field convergence with a smearing value of 0.005 Ha (1Ha=27.2114eV). The structure of SiNWs was then relaxed using the delocalized internal coordinate optimization scheme. The convergence tolerance for energy of 1.0×10 -5 Ha, maximum force of 0.002Ha/Å, and maximum displacement of 0.005Å in the geometry optimization are taken. Our previous report 29 has justified the validity of the above simulation techniques, meanwhile the discussions between DFT and GW (a combination of the Green function G and the screened Coulomb interaction W) 38 calculations can also be seen there.
The external electric field was directly applied along <111> direction with F = 0.00, 0.25, 0.50, 0.75, 1.00V/Å, respectively and later geometry relaxation was carried out. Larger F is applied until geometry structure of SiNWs breakdown. Further increasing F, the geometry structure of SiNWs will break down. The breakdown strength of external electric field F break of SiNWs is also listed in TABLE I. As expected, F break is larger than F closure and it is also size-dependent.
Results and discussion
In the following, the effect of external electric field on the electronic and structural properties of SiNWs is studied in detail. It is known that the HOMO and LUMO energy is important for understanding and predicting the electronic properties and behaviours of nanostructures. 25, 43 In TABLE II, the HOMO and LUMO energies with F=0.25 V/Å, compared with in absence of F, are shown for the different SiNWs. It is found that with F applied, both the HOMO and LUMO energies of SiNW decrease, but at different speed. So when F is large enough, the two decrease lines must cross, that is the breakdown of E g (D,F) for SiNWs, corresponding to F closure . Size-dependence of HOMO and LUMO energies, as shown in TABLE II, brings out the size-dependence of E g (D,F). The external electric field, which is similar to a mechanical field, should deform atomic structures of SiNWs with atomic movements. We study the geometry information by determining the layer distance L and bond angle θ of Si atoms. Let L i-j denote the distance between i and j layer of SiNWs. Layer distance L(F) for Si 38 The relative change ∆ is larger for L 2-3 and L 4-5 while it is only several percent for the others, particularly ∆ 5-6 = 0.13%. L 2-3 and L 4-5 have the largest contractive and elongated deformations of -25.96% and 16.07% respectively. The relative change ∆ for Si 38 H 30 is larger than this for Si 14 H 18 which is given in our previous paper. 29 This suggests that ∆ is size-dependent. As F increase, the variation of L increase, so the deformation amounts of NWs increase.
θ distributions under F=0.00, 0. 50, 1.00 and 1.41 V/Å are given in Figure 5 . As F increase, the distribution range of θ becomes larger. In absence of F, θ distributes almost in the range from 105° to 114°, and the average value is 109.5° which is Si atoms angle in the bulk Si. When F=1 V/Å, two peaks appear in the distribution of bond angles, and the distribution is from about 90° to 130°. As shown in Figure 5 , before breakdown of geometry structure, the distribution of angles of NWs is more dispersed, as F increase. As F increase, L and θ vary, which certainly bring out the variation of the bond length l of Si atoms. Figure 6 present Figure 6 . Distribution of Si-Si bond lengths l for Si 38 H 30 NW applied with F.
In the last, the structure of Si 38 H 30 NW under F break is discussed based TABLE III, Figure 5 and 6. The structure have deformed heavily under F break . L(F break ) functions, which are listed in TABLE III, are obtained from the average axial coordinates of layer Si atoms because the layer atoms appear no longer in the same layer strictly. The , 22 (1) 327-334 (2009) deformation enhanced compared with F=1 V/Å. This is confirmed from the more dispersed distribution of θ and l in Figure 5 and 6. θ and l distribute in the range from 92° to 128° and from 2.361 to 2.494 Å under F=1.41 V/Å. When F reaches larger than 1.41 V/Å, the atomic structure of Si 38 H 30 NWs is breakdown and there is no more a stable geometry structure due to the existence of non-convergence of energy.
Conclusion
In summary, E g (D,F) functions of [111] SiNWs are calculated and the breakdown of SiNWs under external electric field is studied using first-principle calculation. The results show that E g (D,F) decreases with F and D increasing, and SiNWs will be subject to breakdown in the strong electric field, including electronic and structural properties. F closure of E g (D,F) decreases remarkably with D increasing. Both bond angle and bond length vary under F, and as F increases the variations increase. These findings from present calculation will provide useful information for failure of SiNWs under external electric field in the application of nanodevices.
